The linearity and sensitivity of the end-systolic pressure-volume (P-Ve,) relation to the inotropic state of the left ventricle were investigated in 11 patients with coronary heart disease and one patient with congestive cardiomyopathy. To minimize autonomic reflex responses, propranolol, 0.15 mg/kg, and atropine, 1 mg, were administered i.v. at the beginning of the study. Three ventriculograms were performed: at rest, after oral isosorbide dinitrate, 10 mg (systolic pressure decrease 15 mm Hg), and during infusion of methoxamine, 2 mg/min (systolic pressure increase > 10 mm Hg).
P-Ve, relation is determined by the contractile state and is increased by positive inotropic interventions .3 Although the concept of the P-Ve, relationship has been applied for some time in animal experiments, [1] [2] [3] [4] only recently has the P-Ve, relation been investigated as a means of assessing left ventricular function in man.
Our study was undertaken to determine (1) whether the P-VVe, relation in man is linear; (2) the correlation between the slope k of the P-V,e relation and other variables of left ventricular function; (3) whether the theoretical volume at zero pressure (VO), i.e., the intercept of the P-Ves relation on the abscissa, reliably separates impaired from normal left ventricular func-tion; and (4) whether the end-systolic left ventricular pressure can be replaced by the peak systolic pressure, which is more readily obtained.
Methods
Eleven patients with coronary heart disease and one patient with congestive cardiomyopathy were investigated during diagnostic cardiac catheterization (table 1). Informed written consent was obtained before the investigation. The patients were studied in the postabsorptive state and 10 mg of diazepam were given orally 1 hour before the catheterization.
A catheter-tip manometer (10 patients) or a pigtail catheter (two patients) was placed in the left ventricle by the femoral or brachial approach. The aortic pressure was measured through fluid-filled catheters. A pacing catheter was advanced into the right atrium. After positioning of the catheters, propranolol, 0.15 mg/kg, and atropine, 1 mg, were given i.v. to minimize changes of myocardial contractility mediated through the autonomous nervous system. Ten minutes after propranolol and 5 minutes after atropine administration, monoplane left ventriculography was performed in the 300 right anterior oblique projection by injecting 40 ml of Urographin 76 at a flow rate of 10 ml/sec. Ten minutes after the first ventriculogram, 10 mg of isosorbide dinitrate (ISDN) were given sublingually. Arterial pressure was recorded, and when peak systolic pressure had decreased by at least 15 mm Hg, ventriculography was repeated identically. Fifteen minutes later, an i.v. infusion of methoxamine was started at a rate of 2 mg/min. When the peak systolic pressure had reached 1216 a level that exceeded peak systolic pressure during the first ventriculogram by more than 10 mm Hg, ventriculography was repeated again in unchanged projections. In patient 12, the left ventricular peak pressure increased by only 7 mm Hg during methoxamine infusion compared with control. Whenever heart rate decreased by more than 6 beats/min during pressure loading, atrial stimulation was initiated at the rate at which the first angiogram was obtained. Atrial stimulation was instituted according to this criterion in eight patients.
In eight patients, two left ventricular angiograms each showed a single extrasystole induced by manipulation of the injection catheter. The P-V,, relation was also determined with the postextrasystolic beats in these patients to study the influence of a positive inotropic intervention on a beat-to-beat basis (i.e., postextrasystolic potentiation).
The end-systolic pressure was determined as the pressure of the dicrotic notch in the aortic pressure tracing. In the first three patients, a phonocardiogram was recorded to determine the moment of aortic valve closure by the aortic component of the second heart sound (A2). In these three patients the endsystolic pressure was also measured (catheter-tip monometer) as the left ventricular pressure at aortic valve closure. The maximal difference between the results of the two methods was 5 mm Hg.
Left ventricular volumes and ejection fraction (EF) were calculated from end-diastolic and end-systolic silhouettes using the area-length method.' The smallest silhouette was selected as the end-systolic silhouette. Calibration of the angiographic magnification factor was obtained by filming a metal sphere with a diameter of 5 cm, which was placed in the position of the left ventricle. Ventriculography showed that one patient had apical dyskinesis and seven patients had local hypokinesis or akinesis.
Calculations
The three points of the P-V,8 relation (with pressure on the ordinate and volume on the abscissa) were subjected to a linear regression analysis, which yielded the slope k. By solving the regression equation for P = 0, the theoretical volume at zero pressure (V0) (i.e., the intercept of the regression line with the abscissa) was calculated. The P-V,8 relations were also calculated using end-systolic volume normalized for body surface area. The same calculations were performed with the peak systolic pressure instead of the end-systolic pressure.
The relation between the slope k and the left ventricular EF as a measure of left ventricular performance was calculated as a linear and exponential function. The paired t test was used for the statistical evaluation of the effects of propranolol and atropine.
The effects of ISDN and of methoxamine were analyzed using the Friedman test, which gives only the overall probability of a significant difference between the three conditions under investigation.7
Results
After the administration of propranolol and atropine, the heart rate increased from 65 ± 9 (± SD) to 80 ± 9 beats/min (p < 0.01). The left ventricular end-diastolic pressure decreased from 13.9 ± 5.7 to 12.3 ± 5.1 mm Hg. The peak systolic pressure declined from 137 ± 22 to 129 ± 21 mm Hg (p < 0.01).
During ISDN and methoxamine, the heart rate remained within a narrow range (table 1). Peak systolic pressure decreased from 129 ± 21 to 100 ± 19 mm Hg after ISDN and increased to 167 ± 33 mm Hg during methoxamine infusion (p < 0.01). End-systolic pressure changed similarly, but to a lesser degree (control 105 ± 13 mm Hg vs 82 ± 13 mm Hg after ISDN and 134 ± 25 mm Hg during methoxamine). End-diastolic pressure decreased from 12.3 ± 5.1 mm Hg to 6.4 ± 3.6 mm Hg after ISDN and increased above control level to 15.5 ± 6.4 mm Hg during methoxamine infusion (p < 0.01).
During ISDN the end-diastolic volume decreased from a control level of 76 ± 52 ml to 57 ± 29 ml and increased to 95 ± 61 ml during methoxamine infusion (p < 0.01). The end-diastolic volume showed similar changes under the three conditions. Both interventions resulted in minor but significant changes in left ventricular EF, from 60 ± 12% to 63 ± 11% during ISDN and to 57 ± 14% during methoxamine (p < 0.05).
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In contrast to the slope k of the P-V,,8 relation, its intercept on the abscissa, which indicates the theoretical volume at V, did not show a consistent correlation with the control EF ( fig. 4 ). Considerable scatter of the data was also evident ( fig. 4 ) when V0 was obtained from P-V.,, relations using normalized end-systolic volume (VjI). Peak systolic pressure is linearly related to end-systolic volume in a given patient ( fig. 5 ) with a correlation coefficient of at least r = 0.93. The correlation of the slope kps which is derived from the relation of peak systolic pressure and end-systolic volume with EF ( fig. 6 ), may be described by a linear function (r = 0.88), but yields a higher correlation coefficient (r = 0.95) with an exponential function ( fig. 7) . In 
Discussion
The methodologic limitations of this study should be considered. First, monoplane ventriculography is inferior to the biplane technique for the measurement of the end-systolic volume, especially in the presence of local asynergy. We used the monoplane technique because only one patient had a dyskinetic segment in the ventriculogram and because the difference rather than the absolute values of the end-systolic volumes is used to calculate the slope k of the P-Ve, line. the definition of end-systole remains problematic. We derived end-systolic volume from the smallest left ventricular silhouette, which was presumably permissible because no patient had mitral incompetence.8 The end of ejection was therefore assumed, on the basis of animal experiments,3' 8 to coincide with end-systole.
Third, the dicrotic aortic notch pressure can be considerably higher than the simultaneous left ventricular pressure in the dog,9 which is probably due to deceleration of ejected blood. In the three patients in whom left ventricular pressure was measured, a phonocardiogram was recorded simultaneously. The aortic component of the second heart sound (A2) was taken as the moment of aortic valve closure. The maximal difference between the dicrotic notch pressure and left ventricular pressure at A2 was 5 mm Hg. The dicrotic notch pressure tended to be higher than the left ventricular pressure at A2. As the slope k of the P-Ves line is calculated with the difference of the endsystolic pressures and not with the absolute pressure values, the error induced by the use of dicrotic notch pressure is very small. We used aortic dicrotic notch pressure as end-systolic pressure in accordance with Grossman et al. 5 because the technically more difficult measurement of left ventricular pressure using a catheter-tip manometer during angiography is avoided.
The linearity of the P-Ves relation has been shown in experimental studies.'-' 10 FIGURE 7 . Exponential correlation between the left ventricular ejection fraction (EF) at rest and the slope kps ofthe peak systolic pressure/end-systolic volume relation. Our study shows that relation form a straight two data points for the tion appears to be justi Peak systolic pressur systolic pressure to cal 5).' This consistently s ( The intercept of the P-Ve, line on the abscissa NB represents the theoretical volume at V0 and has been PEB proposed as a measure of left ventricular function.5 n- 8 We could not confirm these findings. Although the P-Ves line is shifted to the right with decreasing left ventricular performance, the slope is often diminished to an even higher degree, so that the intercept on the abscissa may fall into or even below the V0 range of , ' / left ventricles with normal function (fig. 4 ). This also applies to P-Ve, lines calculated with end-systolic volumes normalized for body surface area ( fig. 4) from two postextrasystolic beats.
To study the effects of acute inotropic interventolic P-Ve relation is displaced tions, we constructed P-Ve, lines from two postextraind is steeper than the P-Ves rela-systolic beats, which were steeper and displaced to the rmal beats. left toward smaller volumes as compared with P-V,, relations from normal beats ( fig. 8 ). This observation they later proved echocardiois preliminary, because one cannot assume that the restigators also reported an intwo analyzed postextrasystolic beats, which follow P-V,, line on the abscissa (V0) randomly induced extrasystoles, have the same inontricular function.5 tropic state. But we felt justified to draw cautious three data points of the P-Ve, conclusions from this type of analysis, because we line. Therefore, the use of only found, '3 ,red before the first left ventric-EF (50-60%), so that the P-V,8 relation may detect ipranolol can be expected to slight impairment of left ventricular function more almost completely. To avoid sensitively than EF at rest. )wever, atropine was given in a
We conclude frotn this study that the P-V,8 relation )mmended.12 In eight of 12 appears to be linear in man. One may estimate the was required during pressure slope k from two P-V5,8 data points if there is a constant heart rate.
reasonably large difference between the V,8 values. ation, which relates the slope k The slope k of the P-V,8 relation detects mild left ven. rol angiogram, is fairly steep tricular depression quite sensitively and responds to .3 and 7). The sensitivity of the acute inotropic interventions (e.g., postextrasystolic tecting borderline depression potentiation). The intercept on the abscissa that [ion seems to be good. Marked represents the theoretical end-systolic volume at zero ntricular performance can be pressure does not separate normal ventricles from methods in most instances. those with impaired performance, at least in this small F is flat in the low range and study group with normal valvular function. The endr the distinction of EFs below systolic pressure can be replaced by the peak systolic to be a disadvantage, pressure, which is technically easier to obtain. 
